Procaine hydrochloride is a local anaesthetic, which is widely used for injections and for local applications to mucous membranes. It produced a reversible loss of sensation by diminishing the conduction of sensory nerve impulses near to the site of the application or injection. 1 The United States, British and Chinese pharmacopoeia methods for assaying procaine are based on the solvent extraction of procaine hydrochloride, followed by a spectrophotometric measurement, titration with sodium hydroxide, or dead-stop titration. [2] [3] [4] Other techniques, such as high-performance liquid chromatography, 5 gas chromatography, 6 chemiluminescence, 7,8 fluorometry, 9,10 ultraviolet-visible spectrophotometry 11 and electrochemistry, [12] [13] [14] have been used for determining procaine. However, most of them require several time-consuming manipulation steps, sophisticated instruments and special training. Some of these methods suffer from poor sensitivity. There is a constant demand for improved analytical methods for the sensitive and selective determination of procaine hydrochloride in biological and medical fields. Chemically modified electrodes are an active research area in many aspects of science and technology, having potential applications in diverse fields. [15] [16] [17] Nafion is a good cation-exchanger with advantages of chemical inertness, thermal stability and mechanical strength, and is widely used to modify electrodes in electrochemistry.
1
The United States, British and Chinese pharmacopoeia methods for assaying procaine are based on the solvent extraction of procaine hydrochloride, followed by a spectrophotometric measurement, titration with sodium hydroxide, or dead-stop titration. [2] [3] [4] Other techniques, such as high-performance liquid chromatography, 5 gas chromatography, 6 chemiluminescence, 7, 8 fluorometry, 9, 10 ultraviolet-visible spectrophotometry 11 and electrochemistry, [12] [13] [14] have been used for determining procaine. However, most of them require several time-consuming manipulation steps, sophisticated instruments and special training. Some of these methods suffer from poor sensitivity. There is a constant demand for improved analytical methods for the sensitive and selective determination of procaine hydrochloride in biological and medical fields. Chemically modified electrodes are an active research area in many aspects of science and technology, having potential applications in diverse fields. [15] [16] [17] Nafion is a good cation-exchanger with advantages of chemical inertness, thermal stability and mechanical strength, and is widely used to modify electrodes in electrochemistry. 18, 19 The hydrophilic negatively charged sulfonate group in Nafion enables it to selectively preconcentrate cations by electrostatic interaction, whereas, the hydrophobic fluorocarbon network of the polymer gives it ionic selectivity for hydrophobic organic cations by a hydrophobic interaction. These two factors give Nafion selectivity for cations, and especially high selectivity for hydrophobic organic cations. 20 This paper presents a new method for the determination of procaine hydrochloride by differential pulse adsorptive stripping voltammetry with a Nafion-modified electrode. The proposed method is the most sensitive among those reported. The detection limit is 7.0 × 10 -9 mol l -1 with 180 s accumulation. The method has been successfully applied to the determination of procaine hydrochloride in an injection solution and in rabbit serum with satisfactory results.
Experimental

Apparatus
A CHI 660A Electrochemical Workstation (CHI Instruments) was used for electrochemical measurements. A conventional three-electrode system was employed with a Nafion-modified electrode (3.0 mm in diameter) as the working electrode, a platinum wire as an auxiliary electrode, and a saturated calomel electrode (SCE) as a reference electrode. All potentials reported in this paper were referenced to the SCE.
Reagents
A 5% Nafion perfluorinated ion-exchange resin was purchased from Aldrich. Procaine hydrochloride was from Shanghai Biochemistry Research Institute. A stock standard solution of procaine hydrochloride (1.5 × 10 -3 mol l -1 ) was prepared and kept in a refrigerator. Working solutions for the voltammetric investigations were prepared by dilution of the stock solution. A Britton-Robinson (B-R) buffer solution was used to control the pH. All other reagents were of analytical reagent grade. Water was purified with a Milli-Q plus system (Millipore).
Prepartion of a modified glassy carbon electrode
Prior to each experiment, the glassy carbon electrode was first polished with 0.05 µm alumina slurry using a polishing cloth to mirror smoothness, cleaned with ultrasonic waves in 1:1 aqueous solution of nitric acid, and then sonicated in an ethanol solution. After being rinsed with deionized water, the glassy carbon electrode was dried under an infrared lamp. The Nafionmodified glassy carbon electrode was prepared by adding 5 µl of a 0.5% (v/v) Nafion-ethanol solution onto a dry electrode with a microsyringe. The electrode was then placed under an infrared lamp to evaporate the solvent. Before a measurement, the modified electrode was rinsed with water, and then cyclically scanned between -0.65 and 1.30 V in a B-R buffer (pH 2.1) for a few times.
Procedure
A 10-ml volume of a solution containing an appropriate concentration of procaine hydrochloride and B-R buffer (pH 2.09) was transferred into the electrochemical cell. The stirrer was switched on. An accumulation potential (-0.2 V) was applied to a Nafion-modified electrode for 180 s. At the end of the accumulation time, the stirrer was switched off, and the solution was allowed to rest for 30 s. The potential was then scanned from 0.5 to 1.20 V by differential pulse stripping voltammetry at a scan rate of 20 mV s -1 . The peak height was measured at 0.93 V. After each electrochemical measurement, the electrode was scanned from -0.65 and 1.30 V in B-R buffer (pH 2.1) a few times by cyclic voltammetry to renew the electrode surface. There should be no peaks in the potential scan range; otherwise, the regeneration must be repeated.
Results and Discussion
Cyclic voltammetry of procaine hydrochloride
The cyclic voltammetric behavior of procaine hydrochloride at a bare glassy carbon electrode and a Nafion-modified glassy carbon electrode was studied. Figure 1 shows cyclic voltammograms in a pH 2.09 B-R buffer. It demonstrates that procaine hydrochloride has only an oxidation peak in the cyclic voltammograms from -0.50 to 1.30 V, corresponding to oxidation of the -NH2 group in the procaine hydrochloride molecule. In this potential range, no reduction peak was observed, suggesting that the electrochemical process of procaine hydrochloride is irreversible.
Curve 1 is a voltammogram measured with a bare glassy carbon electrode; the oxidation peak potential appears at +1.12 V. However, the oxidation peak potential measured with a Nafion-modified electrode was shifted to +0.94 V, indicating that the overpotential of electrochemical oxidation is evidently reduced by 180 mV at the Nafion-modified electrode. It can be seen that the oxidation peak current was enhanced when the Nafionmodified electrode was used. It is evident that Nafion film not only enhances the proconcentration of procaine hydrochloride on the electrode surface, but also has electrocatalytic properties. 17, 21 
Differential pulse adsorptive stripping voltammetry (DPASV)
Systematic studies of various experimental and instrumental parameters that affect the DPASV response were carried out in order to optimize the experimental conditions.
Effect of the supporting electrolyte and the pH value
In B-R buffer with different pH values, the voltammetric behaviors of procaine hydrochloride were examined (Fig. 2) . It was found that the peak current of procaine hydrochloride increases from 1.81 to 2.09, and then decreases from 2.09 to 7.0. Thus, a pH 2.09 B-R buffer was taken as the supporting electrolyte.
The peak potentials varied according to the pH. A shift towards more negative values was observed as the pH was increased, indicating the existence of a protonation reaction coupled with the procaine hydrochloride oxidation process. 
Effect of the amount of Nafion
A modifier can change the properties and functions of the electrode surface. Figure 1 shows that a Nafion-modified glass carbon electrode can improve the sensitivity of determining procaine hydrochloride. The concentration of Nafion and the volume of Nafion added to a glass carbon electrode surface were examined; the results are shown in Figs. 3 and 4. The peak current reached the maximum when the concentration of Nafion was 0.5%. The dependence of the peak current on the volume of Nafion added to the glass carbon electrode surface indicated that the presence of 5 µl of 0.5% of Nafion was sufficient for obtaining the maximum current (Fig. 4) . Upon increasing the amount of modifier, the sites of ion-exchange increased, and the adsorption of procaine hydrochloride was enhanced. Hence, the peak current increased. However, when the amount of Nafion exceeded 5 µl, the film became thicker and blocked electron transfer between procaine hydrochloride, and the electric resistance became higher. All of these factors could cause a decrease in the peak current.
Effects of the accumulation potential and time
The dependence of the differential pulse adsorptive stripping peak current on the accumulation potential was examined over the potential range of 0.2 to -0.8 V. Figure 5 shows the effect of the accumulation potential on the magnitude of the stripping peak current. It can be seen that the largest peak current was obtained at a potential of -0.2 V. A further decrease in the potential led to reduced peak currents, presumably due to the detrimental effect of the irreversible reduction of procaine hydrochloride. Thus, -0.2 V was chosen as the accumulation potential in our measurement.
Shown in Fig. 6 is a plot of the differential pulse stripping peak current of the Nafion-modified electrode varying with the accumulation time. At first, the peak current increases with the accumulation time. However, after a specific accumulation period, 180 s, the peak current tends to level off, illustrating that adsorption equilibrium has been achieved. An accumulation time of 180 s was used for further studies.
Effect of surfactants
The presence of surface-active substances has a pronounced effect on the stripping response of mercury electrodes, usually causing a depression of the stripping peak current owing to the adsorption of such substances on the mercury surface. 22 Amphiphilic molecules are known to aggregate on solid surfaces such as tin oxide and gold. 23 A graphite surface is also known to adsorb surfactants. 24 Therefore, the effects of a cation surfactant cetyltrimethylammonium bromide (CTAB), the anionic surfactant sodium dodecyl sulfate (SDS) and the nonionic surfactant Triton X-100 on the stripping voltammetric 1589 ANALYTICAL SCIENCES DECEMBER 2003, VOL. 19 Fig. 3 Effect of the concentration of Nafion on the adsorptive stripping peak current. Other conditions as in Fig. 2 . Fig. 4 Effect of the volume of Nafion (0.5%) on the adsorptive stripping peak current. Other conditions as in Fig. 2 . Fig. 5 Effect of the accumulation potential on the adsorptive stripping peak current. Other conditions are the same as those in Fig.  4 . Fig. 6 Effect of the accumulation time on the adsorptive stripping peak current. Other conditions are the same as those in Fig. 4. response at the modified electrode were investigated. Figure 7 shows the change rate of the peak current (i′) for different surfactant concentrations (i′ = (is -i)/i, i and is were the peak current in the absence and presence of surfactant). It can be seen that the presence of a surfactant resulted in a depression of the stripping peak current. Notice that the tested concentrations of three kinds of surfactant are well below the critical micelle concentration (cmc). As the concentration of the surfactant increased, the stripping peak current decreased. As shown in Fig. 7 , the cation surfactant, CTAB, exhibited the greatest effects on the stripping peak current compared with the other surfactants.
Procaine hydrochloride may suffer hydrolysis in an aqueous media. Also, its cationic form is in equilibrium with its nonionized form, as follows:
where K is the equilibrium constant. In order to confirm that hydrolysis of the ester does not occur in aqueous media, Aicart and his co-worker measured the pH of a procaine hydrochloride solution as a function of the drug concentration at 25˚C. 25 From these experimental pH data, they determined the K for procaine hydrochloride and obtained a value of 5 × 10 -10 at 25˚C. 25 From this result, it can be seen that (i) the ester is not hydrolyzed and (ii) equilibrium (1) is almost totally shifted toward the ionized form of the drug, with a negligible contribution of the nonionized form. From the experimental results and the discussion above, it can be deduced that procaine hydrochloride existed as a cation in solution, and has an adsorptive characteristic at a Nafion-modified electrode.
Effects of the pulse amplitude and the scan rate
The influence of the pulse amplitude was investigated. The result suggested that the differential pulse adsorptive stripping peak current reached the maximum value when the amplitude was 0.070 V. As for the scan rate, the current response rose with increasing the scan rate. However, when the scan rate exceeded 20 mV s -1 , the noise increased. Hence, a scan rate of 20 mV s -1 was chosen, since it could afford the highest signalto-noise ratio.
Calibration plot, limit of detection and precision
According to the optimum experimental conditions and the procedure described above, the relationship between the stripping peak current and the procaine hydrochloride concentration was examined. Figure 8 shows differential pulse voltammograms for different procaine hydrochloride concentrations. The dependence of current response on the concentration of procaine hydrochloride was linear in the range of 6.0 × 10 -8 to 6.0 × 10 -6 mol l -1 . The linear response equation for the peak current (i) and procaine hydrochloride concentration (C) was as follows:
i(µA) = 0.337 + 1.95 × 10 6 C (mol l -1 ), and the correlation coefficient was 0.9987. The detection limit (S/N = 3) was 7.0 × 10 -9 mol l -1 . The relative standard deviation of the results was 4.18% for eight successive determinations of 1.0 × 10 -7 mol l -1 procaine hydrochloride.
Effect of foreign substances
The influence of various foreign species on the determination of 6.0 × 10 -7 mol l -1 procaine hydrochloride was investigated. 
Analytical application
The developed method was applied to the determination of procaine hydrochloride in procaine hydrochloride injection. After 2.0 ml of procaine hydrochloride injection was pipetted into a 100 ml volumetric flask, the solution was diluted to the mark with water. A 1.0 ml portion of this solution was pipetted into a 100 ml volumetric flask, and then diluted to the mark with water. Then, 1.0 ml of this solution was pipetted into a 10 ml calibrated flask (the following procedure was the same as mentioned above). In order to validate the precision of the proposed method, the results of an intraday precision validation and an inter-day precision validation for the determination of procaine hydrochloride were obtained. The determination results and recoveries are listed in Table 1 . The results were favorable compared with those obtained by an assay of the same injection with a flow-injection chemiluminescent method. 26 The results indicated that there was no significant difference in the accuracy and precision between the two methods.
After an amount of rabbit blood was centrifuged at 4000 rpm in a high-speed centrifuge, the supernatant liquor was transferred to a flask as rabbit serum. Then, 0.1 ml of rabbit serum was pipetted into a 10 ml volumetric flask, and the procedure described above was followed. The proposed method was applied to the determination of trace amounts of procaine hydrochloride in rabbit serum. The results are given in Table 2 . It can be seen that the proposed method has good precision, and can be applied to the determination of procaine hydrochloride in pharmaceutical and biological fields.
Conclusion
Differential pulse adsorptive stripping voltammetry at a Nafionmodified glassy carbon electrode has been shown to be suitable for the determination of trace amounts of procaine hydrochloride in injection and rabbit serum. The sensitivity is significantly enhanced by accumulation of the drug on the modified electrode surface.
Compared with other electrochemical methods, [27] [28] [29] the proposed method is the most sensitive. The Nafion-modified electrode not only increased the sensitivity of the determination of procaine hydrochloride, but also catalyzed the electrode process. Recovery, % RSD, % Table 2 Determination of procaine hydrochloride in rabbit serum (n = 6)
